Although the fungus Candida albicans is a commensal colonizer of humans, the organism is also an important opportunistic pathogen. Most infections caused by C. albicans arise from organisms that were previously colonizing the host as commensals, and therefore successful establishment of colonization is a prerequisite for pathogenicity. 
The opportunistic human pathogen, Candida albicans, is commonly found as a component of the normal flora of humans, residing in the gastrointestinal tract, in the genitourinary tract, and on the skin (43, 54) . Colonizing organisms are thought to be benign, but in an immunocompromised host, colonizing organisms give rise to invasive organisms that are capable of causing life-threatening infections. Since C. albicans lacks any apparent environmental reservoir, C. albicans cells generally grow in association with a mammalian host. C. albicans is a very effective colonizer of humans. For example, Russell and Lay found that 47% of 1-month-old infants were orally colonized with C. albicans, and 49% were colonized with other fungi (46) . To achieve such efficient colonization, C. albicans cells must possess adaptations that optimize their ability to colonize. The activities that promote commensal colonization in a healthy host could uniquely function only during colonization, or they may be identical to the activities that promote virulence in an immunocompromised host. Some activities that determine the level of intestinal colonization that C. albicans can achieve have been described. For example, proteins that influence adherence (Ece1p [7, 41] and Int1p [18] ) affect colonization (26, 66) . In addition, the transcription factor Efh1p regulates colonization levels in the murine intestinal tract, although Efh1p is not required for producing fatal disseminated disease after intravenous inoculation of mice (66) . Therefore, this gene encodes an activity that affects growth in the commensal state but is not needed for causing disease.
In addition to factors associated with C. albicans, host activities, such as cytokines or T cells, influence the level of colonization by C. albicans. Helstrom and Balish showed that thymus intact BALB/c mice orally inoculated with C. albicans cleared the organism by 16 days postinoculation, but nude mice were colonized at high levels at the same time point (22) . In mutant mice lacking the immunosuppressive cytokine interleukin-10 (IL-10), C. albicans colonizes the gastrointestinal tract at lower levels (11) . In contrast, mice lacking the protective cytokine IL-12 are colonized to higher levels (68) . Therefore, changes in host status change the level of C. albicans colonization, and colonization levels thus reflect an interplay between activities of the fungal cells and activities of the host.
To understand how C. albicans adapts to an environment within the host, we undertook an analysis of gene expression in C. albicans cells colonizing the murine intestinal tract. The results showed that colonizing cells expressed many genes that were characteristic of cells growing in post-exponential phase in laboratory conditions. For example, like post-exponentialphase cells, cells growing in the cecum expressed stress-induced genes. However, colonizing cells also expressed genes that are characteristically expressed in growing, exponentialphase cells. Thus, cells growing in the host were not strictly analogous to either laboratory-defined growth phase. Cells colonizing the intestinal tract and cells invading host tissue were found to express many of the same cell surface protein-encoding genes. In the laboratory, expression of many of these genes is coupled to cellular morphology, specifically to filamentous, hyphal morphology. In the host, in contrast, these genes are expressed in either yeast-form cells that are colonizing the intestinal tract or filamentous cells that are invading tissue (60) . Thus, the expression of these genes defines a particular cell surface that is expressed during growth within a host, independent of cellular morphology. In addition, previous studies showed that the regulatory circuit that governs expression of these genes in the host differs from the regulatory circuits that regulate their expression in laboratory studies (57, 66) . We show here that the transcription factors Cph2p and Tec1p are important for gene expression during colonization.
RESULTS
Analysis of the transcriptome of C. albicans cells growing in the murine cecum. To gain a more complete understanding of adaptations made by C. albicans to commensal growth in the intestinal tract, transcription profiling of C. albicans cells recovered from the murine intestinal tract was performed. C57BL/6 mice were orally inoculated with C. albicans to establish intestinal colonization. At 3 days postinoculation, the mice were sacrificed, the cecum contents were collected, and the RNA was isolated from the C. albicans cells as described in Materials and Methods. This RNA was then used as a template for synthesis of labeled cDNA, which was hybridized to microarrays containing 70-mer oligonucleotide probes for 6,333 annotated genes encoded in the C. albicans genome (39) . Probes derived from C. albicans cells growing in the mouse cecum were compared to probes obtained from laboratorygrown cells cultured for 3 days in YPD broth at 37°C. For comparison, we also determined the profiles of cells grown in exponential phase at 37°C in YPD broth relative to cells grown for 3 days at 37°C in YPD broth.
Results showed that a total of 440 genes were differentially regulated by C. albicans cells growing in the cecum in comparison to post-exponential-phase growth in laboratory conditions, with 197 genes upregulated by Ͼ1.5-fold (P Ͻ 0.05) and 244 genes downregulated by Ͻ0.67-fold (P Ͻ 0.05) (see Table  S1 in the supplemental material).
cDNA produced from RNA extracted from the cecum contents of uninfected mice showed no hybridization with the C. albicans microarrays, and RNA isolated from the cecum contents of C. albicans-colonized mice showed minimal hybridization with a mouse-gene microarray, showing that hybridizations represented bona fide C. albicans transcripts.
The physiological state of C. albicans growing in the cecum is distinct from laboratory-defined exponential and post-exponential phases. To define exponential-phase genes (genes more highly expressed in exponential phase versus post-exponential phase) and post-exponential-phase genes (genes more highly expressed in the post-exponential phase versus the exponential phase), gene expression in laboratory-grown exponential-phase cells was compared to gene expression in laboratory-grown post-exponential-phase cells. Five hundred 56 exponential phase genes (P Ͻ 0.05; Table S2 ) and 567 postexponential phase genes (P Ͻ 0.05; see Table S2 in the supplemental material) were identified. As observed previously (63) , major processes whose genes were upregulated in exponential-phase cells included glucose metabolism (P Ͻ 2.2 ϫ 10 Ϫ11 ), pyruvate metabolism (P Ͻ 5.6 ϫ 10 Ϫ9 ), and translation (P Ͻ 2.1 ϫ 10 Ϫ28 ), including ribosome biogenesis (P Ͻ 1.5 ϫ 10 Ϫ5 ) and translation regulation (P Ͻ 3.1 ϫ 10 Ϫ5 ), as well as biosynthetic pathways for amino acids (P Ͻ 1.2 ϫ 10 Ϫ3 ), ergosterol (P Ͻ 1.2 ϫ 10 Ϫ8 ), and nucleotides (P Ͻ 2.0 ϫ 10 Ϫ6 ). The results were consistent with the previous observation (3, 24, 63) that C. albicans is Crabtree negative and preferentially performs oxidative phosphorylation in the presence of glucose and oxygen rather than fermentation. Accordingly, many exponential-phase genes were related to mitochondrial function, ATP synthesis, or cytochrome oxidase.
In contrast, among post-exponential-phase genes (see Table  S2 in the supplemental material), fewer gene ontology (GO) terms (2) were enriched. Categories included protein refolding (chaperone proteins; P Ͻ 6.3 ϫ 10 Ϫ6 ), responses to nutrient levels (including starvation responses; P Ͻ 6 ϫ 10 Ϫ5 ), nitrogen utilization (P Ͻ 0.026), and response to stress (P Ͻ 0.042). These responses presumably reflect the exhaustion of the preferred carbon source glucose and adaptation to slower rates of growth. Many stress response genes, i.e., genes upregulated in the first 10 min of exposure to stress conditions (15) , were post-exponential-phase genes (e.g., Fig. 1 and Table 1 , genes 28 to 42). In other words, these genes were upregulated in post-exponential phase in the absence of exogenous stress. As noted previously, this gene expression may contribute to the higher stress resistance of post-exponential-phase cells relative to exponential-phase cells (1, 14) .
In C. albicans cells recovered from the cecum, 60% of the post-exponential-phase genes (342 of 567) were expressed at levels similar to those of the post-exponential phase or higher (i.e., not at the low levels characteristic of exponential phase). These post-exponential-phase genes included genes involved in carboxylic acid transport and the glyoxylate cycle. Most of the stress response genes that were upregulated in the postexponential phase were also upregulated during growth in the cecum (Fig. 1, Table 1 ). Therefore, the profile of cells growing in the cecum had substantial similarity to the post-exponentialphase profile, a finding consistent with our previous observations (66) .
A total of 40% of the post-exponential-phase genes (225 of 567) were expressed at levels lower than in post-exponentialphase cells, i.e., at levels similar to expression in exponentialphase cells. These genes included protein folding genes (e.g., chaperones KAR2, HSP10, HSP12, HSP90, and HSP78) and proteolysis genes. Therefore, the levels of protein turnover were predicted to be low during growth in the cecum, as seen in exponential-phase cells.
For exponential-phase genes (those expressed more highly in the exponential phase relative to the post-exponential phase), 72% (398 of 556) were expressed in cells from the cecum at levels similar to the levels in post-exponential-phase cells, reinforcing the notion that cecum-grown cells have significant similarities to post-exponential-phase cells. However, 28% of these genes (158 of 556) were expressed more highly in cells grown in the cecum in comparison to post-exponentialphase cells (i.e., similar to their expression in exponentialphase cells; Fig. 1 , Table 1 ). Some important categories of exponential-phase genes that were upregulated in the cecum compared to post-exponential-phase cells are discussed below.
Central metabolic pathways. Genes encoding enzymes of glucose metabolism and other central metabolic pathways were expressed at relatively high levels during growth in the cecum (e.g., Fig. 1 , Table 1 , genes 1 to 8). Of note, some but not all of these genes are also upregulated during laboratory growth in a low-oxygen environment (50) . Genes encoding proteins needed for the conversion of pyruvate to ethanol (e.g., PDC1 [pyruvate decarboxylase] and ADH1 [alcohol dehydrogenase]) were expressed at relatively high levels in the cecum.
In addition, the gluconeogenesis gene PCK1 was more highly expressed in cells recovered from the cecum relative to laboratory growth. Similarly, C. albicans populations recovered from murine kidneys following intravenous inoculation express both glycolytic genes and PCK1 (4). This finding is thought to reflect the occurrence of microenvironments in which glucose levels vary.
Glycolysis and fermentation genes are coordinately regulated through the function of two transcription factors, Gal4p and Tye7p (3) . Genes regulated by only one of the two factors, e.g., the Gal4p-regulated genes PDA1, PDB1, and PDX1, encoding subunits of the pyruvate dehydrogenase complex, and Tye7p-regulated genes involved in trehalose, glycogen, and glycerol metabolism (3), were mostly expressed at relatively low, post-exponential-phase levels. In summary, genes related to glucose metabolism and fermentation, particularly those regulated by both Gal4p and Tye7p, were upregulated in the cecum relative to post-exponential-phase laboratory-grown cells.
Many genes involved in the mitochondrial electron transport chain were upregulated by C. albicans growing in the cecum. Since the cecum is an environment with minimal oxygen (21) , this result suggests that cytochrome c oxidase could have a second function, as observed in Saccharomyces cerevisiae (9) .
Translation. Many ribosomal protein genes were expressed at levels intermediate between exponential phase and postexponential-phase laboratory-grown cells (e.g., Fig. 1 and Table 1, genes 9 to 18). Translation elongation genes were mostly expressed at levels above the levels seen in post-exponentialphase cells, i.e., at intermediate-or exponential-phase levels. In contrast, aminoacyl-tRNA synthetases that were growth phase regulated were expressed at levels resembling post-exponential phase cells (e.g., Fig. 1 and Table 1 , genes 19 to 27). 
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Similarly, translation initiation genes were mostly expressed at levels similar to those seen in post-exponential-phase cells. Thus, some components required for translation were upregulated relative to post-exponential-phase cells, but not all. In summary, C. albicans cells growing in the cecum appear to be actively growing and utilizing fermentative pathways. The population of cells growing in the cecum expressed genes characteristic of both laboratory grown exponentialphase cells and laboratory grown post-exponential-phase cells. Some pathways were expressed as highly in cells from the cecum as in exponential-phase cells (glucose metabolism), some genes were expressed at intermediate levels (ribosomal genes)-and other genes were expressed at the same levels as in post-exponential-phase cells (isocitrate lyase, aminoacyl-tRNA synthetase genes).
Expression of genes not regulated by growth phase during growth in the cecum. To study those genes whose expression is not linked to growth phase during laboratory growth, the data set was filtered to remove from consideration all genes that were differentially expressed in the exponential phase versus the post-exponential phase by a factor of Ͼ1.5-fold. Analysis of this subset of genes revealed a number of categories that were differentially expressed in cells recovered from the cecum relative to laboratory-grown cells. Consistent with our previous findings (66) , genes that were upregulated in laboratory grown hyphae were upregulated in cells recovered from the cecum. These genes included hyphacoregulated genes such as HWP1, PGA7/RBT6, and ECE1. Four genes that are galactose inducible in the laboratory (GAL1, GAL7, GAL10, and PCK1 [36] ) and MAL31, a putative maltose permease, were upregulated during growth in the cecum, reflecting the low levels of glucose in the intestinal tract (37) .
Among genes downregulated in the cecum relative to laboratory growth, several genes represented functions related to proteolysis (proteasome components, a chaperone, a ubiquitin-related gene, and vacuolar proteins). This finding is consistent with the observation that post-exponential phase-expressed chaperones and proteolysis genes were expressed at relatively low levels.
An additional group of genes that were downregulated in the cecum belong to the subtelomeric TLO family (64) . This family of putative transcription factors has 14 members and 13 of the 14 are located in subtelomeric regions. These genes are regulated by C. albicans Gal4p (36) , but their function is unknown. The relatively low expression of these genes was consistent with the relatively low expression of the Gal4p-regulated pyruvate dehydrogenase genes PDA1, PDB1, and PDX1.
Gene expression during growth in the cecum in comparison with laboratory conditions. To learn more about the physiological state of C. albicans growing in the cecum and the relevant features of the cecum environment, gene expression in cells recovered from the cecum was compared to gene expression in cells growing in various lab conditions. A total of 6,321 genes with ORF19 designations were used for this analysis. Most published studies of laboratory-grown cells use exponential-phase cells as their reference condition. Therefore, to compensate for the fact that our study used post-exponential-phase cells as the reference condition, the microarray data for cecumgrown cells were divided by the microarray data for exponential-phase cells, and the resulting data were analyzed to obtain genes that were upregulated during growth in the cecum relative to exponential-phase cells. From this analysis, 408 genes (see Table S3 in the supplemental material) that fell into the following categories were selected to define the cecum-upregulated collection: (i) genes that were not growth phase regulated and were upregulated during growth in the cecum (P Ͻ 0.05) (55 genes), (ii) post-exponential-phase genes (P Ͻ 0.05) that were expressed at post-exponential (i.e., relatively high) levels during growth in the cecum (325 genes), (iii) exponential-phase genes (P Ͻ 0.05) that were very highly upregulated (P Ͻ 0.05) during growth in the cecum (27 genes), and (iv) TEC1 (P ϭ 0.055).
From the frequencies with which up-or downregulated genes were observed under various conditions, the number of common genes expected to be up-or downregulated in both the cecum and another condition was calculated and compared to the number of genes observed to be up-or downregulated in both the cecum and another condition ( Table 2 , Fig. 2A ). In several cases, the number of observed cecum upregulated genes that were also upregulated in another condition was significantly greater than the number expected by chance (Table 2, Fig. 2A ). These conditions included biofilm growth (40) , growth at alkaline pH (6), growth in hypoxic conditions (50) , growth in galactose (36) , and growth in the following stress conditions: temperature upshift (15), osmotic shock (15), growth in the presence of 3-aminotriazole (3-AT; a competitive inhibitor of an enzyme involved in histidine biosynthesis) (62), or carbon starvation (33).
As described above, hypha-coregulated genes were expressed in cells growing in the cecum. To determine whether expression of the hyphal regulon accounted for the common genes observed above, the data were filtered to remove from consideration all genes that were upregulated in hyphae in either the study of Goyard et al. (19) or the study of Kadosh and Johnson (25) . In the absence of hypha-coregulated genes, statistically significant overlaps between the cecum upregulated genes, and the same conditions were still observed (Table 2) .
To determine whether the overlapping genes were the same in each condition or were different, we analyzed the expression of specific genes in different conditions (see Table S5 in the supplemental material). No genes were upregulated in all conditions but several genes were upregulated in more than one condition. A total of 17 to 42% of the genes were upregulated in only one of the characterized conditions (Fig. 2B) . Therefore, upregulation of these genes was characteristic of a given condition. This analysis showed that cells grown in the cecum expressed genes that were characteristic of cells grown in alkaline pH, in hypoxic conditions, and with low levels of glucose. Therefore, it is likely that a response to environmental pH promotes upregulation of pH-regulated genes, a response to low oxygen levels leads to expression of hypoxia-regulated genes and a response to low levels of glucose promotes expression of low-glucose upregulated genes. Some of the cells adhere to surfaces within the intestinal tract, establish a sessile state, and express genes characteristic of biofilms.
In addition, cecum-grown cells expressed genes characteristic of various stress conditions. Stress-responsive genes that were upregulated in more than one stress condition and also during growth in the cecum included heat shock genes (HSP12, HSP104, HSP30), GRP2 (similar to S. cerevisiae methylglyoxal reductase), GPX2 (similar to glutathione peroxidase), SOD5 (encoding a superoxide dismutase [35] ), and YHB1 (encoding a flavohemoglobin [23, 32] ). Therefore, cells in the cecum express a variety of stress response genes. For downregulated genes, fewer conditions showed significant similarity to the profile of gene expression in the cecum. Biofilm growth (40) , growth in 3-AT (62), and carbon starvation (33) showed similarity (Table 2) . In these cases, 75 to 86% of the genes were downregulated in only one of the three conditions; one gene was downregulated in all three conditions (see Table S6 in the supplemental material).
Some aspects of gene expression in the cecum were not seen in other data sets. For example, the increased expression of genes encoding mitochondrial electron transport components was not observed in other laboratory growth conditions. In addition, upregulation of a number of transporters was observed during growth in the cecum but not in other conditions. In summary, the relevant features of the environment that influence gene expression in colonizing cells include oxygen levels, pH levels, and glucose levels.
Expression of a host-adapted cell surface during colonization. C. albicans cells may colonize a host as commensals or may initiate disease and invade host tissue. To compare gene expression in these two situations, the transcription profile of colonizing cells was compared to the profile of cells invading the liver after intraperitoneal inoculation (60), the kidney after intravenous inoculation (65) , or the tongue in oral infection (67) .
As shown in Table 3 , the number of genes that were upregulated during both cecum colonization and growth in the murine FIG. 2 . Genes upregulated during growth in the cecum and in laboratory conditions. (A) Expected number of genes that would be upregulated during both growth in the cecum and growth in another condition, based on chance (gray bar). The value was calculated from the frequencies of upregulated genes that were observed in each data set. The black bar shows the number of genes that were observed to be upregulated in both conditions. E, expected; O, observed. ** , P Ͻ [25] or the study of Goyard et al. [19] [33] ) were defined as stress genes (gray section). The percentage of genes that were neither hyphal nor stress genes and were upregulated in one of the other conditions is shown in the white section. The percentage of genes that were upregulated only in the indicated condition is shown in the black section.
liver (P Ͻ 10 Ϫ3 ), in the murine kidney (P Ͻ 10 Ϫ55 ), or during oral infection (P Ͻ 10 Ϫ9 ) was higher than the number expected by chance. For invasion of the liver, the number of downregulated genes in common was also higher than expected by chance. These data show that cells colonizing the cecum or causing infection express common genes.
To analyze individual genes, genes upregulated in at least one of the tissue invasion datasets were considered to be invasion upregulated genes (235 genes) and were compared to the 408 genes defined as cecum upregulated. Forty-six genes were upregulated during both intestinal tract colonization and tissue invasion (Table 4) .
Many of the common genes encoded cell surface proteins (Table 4) , some of which were previously shown to be involved in pathogenesis or host cell interaction. Thus, during intestinal tract colonization or invasion of tissue, a particular cell surface, defined by expression of these genes, is presented to the host. Many of the genes in this category were previously identified as hypha-coregulated genes based on expression in laboratorygrown hyphae (e.g., ECE1 [7] ; underlined in Table 4 ). However, during growth within a host these genes are expressed when C. albicans is in either the hyphal form (tissue invasion) or the yeast form (intestinal tract colonization). Therefore, expression of these genes produces a certain cell surface during growth within a host, independent of cellular morphology.
Differences in gene expression between cells colonizing the intestinal tract and cells invading deep tissue identify invasion-specific functions. The C. albicans genome contains multigene families encoding secreted aspartic proteases and phospholipases. These enzymes promote the virulence of C. albicans in some animal models of infection (48) . Therefore, it might be expected that these genes would show an invasion specific pattern of expression. However, SAP5, encoding a secreted aspartic protease, is expressed in multiple host niches, including the intestinal tract (27) and, in our data, showed a trend toward upregulation (2.4-fold upregulated in cecum [P Ͻ 0.11], not growth phase regulated) in cells colonizing the intestinal tract. This gene is upregulated during tissue invasion (60) . Other SAP genes showed no evidence of upregulation in either colonizing or invading cells based on microarray data. Similarly, microarray results show that PLB4, encoding a (28, 31) . However, these genes are upregulated in both commensal cells colonizing the intestine and in cells undergoing tissue invasion. Thus, these genes also fail to show an invasion-specific pattern of gene expression.
On the other hand, DEF1 (EED1), identified by Zakikhany et al. as a factor that promotes invasive growth within host epithelium (67) , was upregulated during invasion but not in cells colonizing the cecum. DFG16, encoding a putative pH sensor (5) that is both upregulated during invasion and required for tissue invasion (60) , showed a similar invasion-specific pattern of expression. These results support the previous conclusions that DEF1 and DFG16 play important roles in events that promote disease.
In summary, there are common and distinct features of cells invading tissue and cells colonizing the cecum in the commensal state. Common genes may be important for adaptation to the host environment. Genes specific for colonization or invasion may have roles that are specific to each situation. These genes may provide genetic signatures of invading cells and could have important roles in invasive candidiasis. The results of our studies show that it has been difficult to predict invasionspecific genes based only on laboratory studies.
Role of Cph2p and Tec1p in intestinal colonization and regulation of gene expression. Hypha-coregulated genes were upregulated in cells colonizing the intestinal tract. In the laboratory, expression of these genes is dependent on transcription factor Efg1p (8, 51) but during growth in the intestinal tract, these genes do not require Efg1p for expression (66) . Therefore, an alternative pathway is responsible for expression of these genes during growth in the intestinal tract.
To identify the transcription factor that upregulates the hypha-coregulated genes, the expression of transcription factors and signaling proteins that regulate hyphal growth was studied. CPH2 (1.7-fold upregulated, P Ͻ 0.04) encoding a transcription factor (30) was observed to be upregulated during growth in the cecum and not growth phase regulated. TEC1, encoding another transcription factor (30, 49) , showed a trend toward upregulation (1.7-fold, P ϭ 0.055). Cph2p is required for hyphal development during laboratory growth in a particular hypha-inducing medium, Lee's medium and for expression of hypha-coregulated genes under these conditions (29, 30) . Cph2p also regulates the expression of TEC1 by binding to two adjacent sterol response elements (SRE-1) located in the TEC1 promoter (30) . Tec1p is required for hyphal growth and expression of hyphal genes under certain lab conditions (29, 30, 49) .
To search for other potential targets for Cph2p, an in silico search for double SRE-1-containing promoters was conducted. A single gene, orf19.4450.1, was found to have two adjacent upstream SRE-1 elements, from Ϫ482 to Ϫ463. Interestingly, this gene was one of the most highly upregulated genes in cecum-grown cells, showing 17-fold upregulation relative to laboratory grown post-exponential-phase cells (P Ͻ 0.002). Quantitative RT-PCR results confirmed the upregulation of this gene in cells recovered from the cecum relative to exponential-phase cells (Fig. 3) . orf19.4450.1 encodes a predicted 68-amino-acid polypeptide of unknown function that is conserved among the "CTG-clade" of fungi, which translate the CTG codon as a serine.
Tec1p, in turn, has been shown to recognize CATTCY sequences (30) . These motifs are disproportionately present in the promoter regions of several hypha-coregulated genes, such as HWP1, ECE1, and ALS3.
These observations suggested that Cph2p or Tec1p or both might be important for regulation of gene expression during growth within the host intestinal tract. To determine whether gene expression was altered by the absence of either Cph2p or Tec1p, C. albicans WT, cph2-null mutant, a cph2/CPH2 reconstituted strain, and tec1UAU mutant cells were inoculated into mice and harvested from the cecum. RNA was prepared from these cells as described in Materials and Methods, and expression of genes in cDNA prepared from the RNA was determined by quantitative RT-PCR, and normalized using the expression of ACT1. Expression of orf19.4450.1, and ECE1 was strongly upregulated in cells recovered from the cecum relative to exponential-phase growth in laboratory conditions, confirming the results from the microarrays (Fig. 3) . In the cph2-null mutant, the mean value for expression of orf19.4450.1 was 70-fold lower than the value for WT cells ( Fig. 3 ; P Ͻ 0.0001 [Student t test]); expression was similar to WT in the CPH2 ϩ reconstituted strain (Fig. 3) . Therefore, as predicted from the presence of SRE elements, orf19.4450.1 was dependent on Cph2p for upregulation during growth in the cecum.
ECE1 was upregulated in the cph2 null mutant but its mean expression was 20-fold lower in the strain lacking Tec1p compared to the WT strain ( Fig. 3 ; P Ͻ 0.0002 [Student t test]), a finding consistent with the presence of CATTY sequences in its promoter region (30) . These results demonstrate that both To determine whether Cph2p or Tec1p or both were important for the colonization of the intestinal tract, colonization by strains lacking Cph2p due to either a homozygous deletion mutation or a homozygous UAU insertion mutation (16) , or a strain lacking Tec1p due to a homozygous UAU insertion mutation (16) were tested for their ability to colonize mice after oral inoculation. WT, cph2UAU, cph2-null, cph2/CPH2 reconstituted, and tec1UAU mutant cells were inoculated by gavage into antibiotic-treated Swiss Webster mice as described in Materials and Methods. Fecal pellets were collected from mice on various days and analyzed for C. albicans CFU per g of fecal pellet. The results showed that the cph2-null strains colonized at lower levels than WT or CPH2 reconstituted C. albicans (Fig. 4A) .
Colonization in the stomach, ileum, and cecum was measured after sacrificing the mice at day 21 postinoculation (Fig.  4B) . Mutants lacking Cph2p showed reduced colonization in the stomach (P Ͻ 0.041) and the ileum (P Ͻ 0.024) and showed a trend toward lower colonization in the cecum (P Ͻ 0.072) relative to the WT strain. The CPH2 ϩ reconstituted mutant showed higher colonization than the null mutant. In contrast, colonization by the tec1UAU mutant was not attenuated relative to the WT strain (Fig. 4C) . These results showed that Cph2p is required for establishment of normal levels of intestinal tract colonization. Thus, Cph2p is an important regulator of gene expression during colonization of the intestinal tract.
DISCUSSION
In mice, C. albicans cells are capable of colonizing the intestinal tract for many days without causing disease. Gene expression in such colonizing cells showed distinct features that distinguished the pattern of expression from that of cells growing in the laboratory. The majority of growth-phase-regulated genes were expressed at levels characteristic of post-exponential-phase cells. These findings and the fact that numerous bacterial virulence factors are post-exponential-phase genes (e.g., virulence factors of Bacillus anthracis [47] , Staphylococcus aureus [45] , Helicobacter pylori [61] , Legionella pneumophila [38] , or Salmonella [20] ) show that expression of post-exponential-phase genes is a common feature of microbes that are colonizing a host. Relatively high expression of post-exponential-phase genes such as stress response genes or genes encoding transporters gives cells the characteristics of post-exponential phase such as enhanced stress resistance and the ability to grow in suboptimal nutritional conditions.
In addition to genes characteristic of post-exponential phase, colonizing C. albicans cells express genes characteristic of exponential phase (Fig. 1, Table 1 ). These findings could be explained by the existence of multiple subpopulations of cells in different physiological states. Indeed, evidence of heterogeneity in cells recovered from a host has been observed. Barelle et al. observed that GFP reporter gene fluorescence was not uniform in cells recovered from the kidneys of animals after intravenous inoculation (4) . Heterogeneity in the number of cells that expressed a recombinase reporter gene has been observed (56) . In the intestinal tract, differences in cellular morphology among colonizing cells were noted previously (26, 66) .
Despite these observations, heterogeneity does not entirely explain the pattern of gene expression exhibited by C. albicans For example, expression of the exponential-phase genes encoding glycolytic enzymes was, in most cases, higher than their expression in laboratory-grown exponential-phase cells (Fig. 1, Table 1 ). Therefore, either a majority of cells express these genes or a minority of cells express them at very high levels. The exponential-phase genes encoding tRNA synthetases were expressed at relatively low levels and the exponential-phase genes encoding ribosomal proteins were expressed at intermediate levels. These observations cannot be accounted for by assuming that colonizing cells are a mixture of cells equivalent to laboratory-grown exponential-phase and post-exponential-phase cells. Therefore, we conclude that cells colonizing the intestinal tract exhibited a physiological state that is distinct from that of laboratorygrown cells. In addition, colonizing cells expressed post-exponentialphase, stress response genes at relatively high, post-exponential-phase levels. Again, either the majority of cells express these genes or a minority of cells express them at high levels. Since the majority of cells probably also express relatively high levels of genes encoding glycolytic enzymes, we favor the model that some individual cells express both glycolytic enzymes and stress response genes. Thus, the physiological state of some cells colonizing a host may combine the ability to grow rapidly with the ability to resist stresses producing a distinct physiological state adapted for host colonization.
When the host becomes immunocompromised, initiation of invasive candidiasis can occur. The analysis described here showed that invading, disease-producing cells have many similarities to colonizing cells. For example, in both situations, the glycolysis pathway, the glyoxylate cycle, and PCK1, encoding phosphoenolpyruvate carboxykinase, are relatively highly expressed. Commensal colonizers and invaders also showed similarity in expression of a collection of genes encoding cell surface proteins. In the laboratory, expression of this group of genes is not observed unless the cells are induced to form hyphae (19, 25, 29, 39, 53) . This observation has led to the hypothesis that hypha-coregulated genes function to promote virulence (28, 31) . The fact that these genes encode adhesins, proteases, and other activities that might promote virulence appears to support this model. However, these and other results show that in the host, expression of the hypha-coregulated genes is not strictly tied to either cellular morphology (57, 66) or virulent invasiveness. Therefore, it is more likely that the cell surface defined by the hyphal regulon represents a cell surface that allows optimal interaction with the host. Thus, this surface would promote both commensal colonization in a healthy host and invasion of tissue in a compromised host. Consistent with this model, some of the proteins expressed in the hyphal regulon, such as Ece1p, are required for normal colonization of the intestinal tract (66) .
There are also numerous differences in gene expression between colonizing C. albicans cells and invading cells. Although genes expressed by both commensal cells and invading cells probably represent adaptations for growth in the host environment, genes expressed in invading cells but not in commensals could represent activities that have specific roles in invasion. Examples of the latter type of genes include DFG16 and DEF1 (EED1).
DFG16, encoding a transmembrane protein that may function as a pH receptor, was found to be expressed by an invasive strain of C. albicans during invasion of the liver but not by a noninvasive strain growing under the same conditions (60) . Mutants lacking Dfg16p are attenuated in the ability to cause lethal infection after intravenous inoculation of mice (60) . The observation that DFG16 is not upregulated in cells colonizing the intestinal tract further supports the conclusion of an association between DFG16 expression, invasiveness and disease. DEF1 (EED1), encoding a protein similar to an RNA polymerase II regulatory factor, was upregulated during oral thrush (67) but not during colonization of the cecum. Mutants lacking Def1p, although able to invade mammalian cells within a cultured, reconstituted tissue were unable to escape from these host cells and disseminate throughout the reconstituted tissue (67) .
Neither DFG16 nor DEF1 (EED1) was reported to be upregulated during infection of the rabbit kidney (65) . However, at least in the case of DEF1 (EED1), this finding may reflect the use of cells grown under conditions that promoted filamentation for the reference sample.
Thus, both Def1p and Dfg16p have invasion/disease-associated functions (60, 67) . The many uncharacterized genes that are upregulated during tissue invasion but not during colonization of the intestinal tract may have as-yet-undescribed functions in tissue invasion. Since there are numerous such genes, there are many potential novel invasion factors that could be used as targets for antifungal therapy. In addition, the products of these genes could be particularly attractive as targets for vaccine development or for use in diagnostic methodologies.
Genes encoding mitochondrial electron transport chain subunits (COX genes, encoding cytochrome c oxidase subunits and QCR genes, encoding ubiquinol cytochrome c reductase subunits) were upregulated in C. albicans cells growing in the cecum. During laboratory growth, the expression of most of the COX and QCR genes was unaffected by the growth phase. Upregulation of these genes in response to hypoxia (50) or other laboratory conditions was also not observed. These results contrast with the situation in S. cerevisiae, where expression of these genes is catabolite repressed in the presence of glucose (59) and, therefore, expression shows growth phase regulation in glucose-containing medium (12) .
Since the cecum is an environment with very low O 2 , upregulation of these genes was unexpected. One possible explanation for these findings is that under hypoxic conditions, cytochrome c oxidase has another function in addition to its role in respiration. For example, S. cerevisiae cytochrome c oxidase can generate NO from NO 2 Ϫ in the absence of oxygen (9) . C. albicans cytochrome oxidase could have a similar activity. It is also possible that the cecum contains microenvironments where oxygen levels are higher.
The transcription factor Cph2p is upregulated during colonization of the cecum and is important for normal colonization. In contrast, Tec1p, a transcription factor whose expression is regulated by Cph2p (30) , is dispensable for colonization. Although cells lacking Tec1p colonize the intestinal tract normally, during growth in the cecum, Tec1p is required for upregulation of Ece1p, a factor that influences adherence (41) although, using the recombinase reporter gene, Staib et al. observed Tec1p-independent expression of SAP5 during murine infection (55) .
Since previous results showed that Ece1p is important for intestinal colonization by C. albicans (66) , the basal level of expression of Ece1p that occurs in the absence of Tec1p is sufficient for normal colonization. In addition, the basal level of Tec1p produced in the absence of Cph2p is sufficient for the expression of Ece1p. These results demonstrate that Cph2p and Tec1p regulate the expression of activities that promote intestinal colonization by C. albicans.
It is noteworthy that C. albicans strains vary considerably in their ability to colonize mucosal sites (44, 58) . The gene expression pattern exhibited by strains with enhanced ability to colonize may differ in interesting ways from the pattern of gene expression observed in this study. Also, the use of antibiotics to create niches for C. albicans colonization and the subsequent alteration in bacterial flora would be expected to impact the C. albicans gene expression profile. These factors suggest that additional studies of different strains and conditions would reveal further features of C. albicans adaptation to the host environment.
In conclusion, adaptation to growth in the host involves expression of genes required for active growth, as well as genes such as stress response genes and transporter-encoding genes that are expressed in laboratory-defined post-exponential phase. A particular cell surface that allows optimal interaction with the host is produced during colonization and the Cph2p/ Tec1p pathway controls expression of some cecum-upregulated genes. During growth within the intestinal tract, the organism senses pH, oxygen, carbon sources, and the presence of surfaces allowing it to optimize gene expression for a particular environment. With these mechanisms for sensing, C. albicans is able to efficiently colonize humans in infancy, establishing itself in its most important natural niche.
